Abstract. This paper aims at investigating the influence of solidification condition on the processing of calcined kaolin geopolymeric powder. This is a new process developed using the geopolymerization process. Geopolymer slurry was prepared from calcined kaolin and activating solution (mixture of NaOH and Na 2 SiO 3 ). This slurry was allowed to solidify in oven and then crushed and grounded to fixed particle size. Compressive testing and SEM analysis were performed in this study. The results showed that the solidification condition at 80 ºC for 4 hours was the best to synthesize the geopolymeric powder where this solidification condition results in geopolymeric powder which can produce higher strength resulted geopolymer paste. The microstructure showed more intervening gel phase which indicates that the geopolymerization process continued to react after the addition of water to the calcined kaolin geopolymeric powder.
Introduction
Geopolymers are inorganic polymers formed from the reaction of alumino-silicates in highly alkaline solution [1] . Alumino-silicates sources rich in Al 2 O 3 and SiO 2 are clay (e.g. calcined kaolin) [2, 3] , waste (e.g. slag, fly ash, etc) [4, 5] or other natural pozzolanic materials . The alkaline solution used is a mixture of sodium silicate and alkali metal solution (e.g. KOH or NaOH) [6] . However, other alkaline solution has also been used [7] . The geopolymer forming process is called geopolymerization. Geopolymers consist of amorphous, three-dimensional structure formed by the polymerization of monomer in alkaline solution [1] . The actual reaction mechanism of geopolymers formation is not fully understood even vast researches have been done. However, Joseph Davidovits [1] has proposed the reaction pathway involving the polycondensation of hypothetical monomers, the orthosialiate ions:
Furthermore, Provis et al. [8] , in their research work, have come out a conceptual model describing the chemical processes occurring during the geopolymerization process.
In this work, a new processing route was developed to produce calcined kaolin geopolymeric powder [9] . In previous research, geopolymer cements were formed through direct reaction of alumino-silicates source with alkaline solution [3, 10] . This work was totally new and no any previous researches have reported on this experimental route. The processing of geopolymeric powder involves the alkali activation of raw materials with alkaline solution, solidification, crushing and grinding process. Solidification conditions are one of the most important parameters to be considered during the mixing design. The solidification conditions must be well-controlled to obtain an optimum condition for maximum strength of the geopolymeric powder. The effect of solidification temperature and time on the properties of geopolymeric powder was studied.
Compressive strength and SEM analysis were conducted on the geopolymeric powder and the resulted geopolymer paste.
Methodology
Materials. Kaolin used in this work was obtained from Associated Kaolin Industries Sdn. Bhd, Malaysia with minimum 40% particle size with less than 2µm. Calcined kaolin was prepared by thermal treatment at 800 °C for 2 hours in furnace. Sodium hydroxide (NaOH) powder (Formosoda-P) used was made in Taiwan Procedures. Geopolymer slurry was prepared by mixing of calcined kaolin and activating solution with solids/liquid ratio of 0.8. The alkali activating solution used comprised of 8M of NaOH solution and Na 2 SiO 3 solution in Na 2 SiO 3 /NaOH ratio of 0.20. The mixing process was carried out in mechanical mixer for 10 minutes, until homogeneous slurry was obtained. The fresh slurry was then poured and compacted into 50 mm steel molds. The molded samples were sealed with a thin film to avoid moisture loss. All specimens were then heated undisturbed in oven with various temperatures and times as shown in Table 1 . The solidified paste were then pulverized using Mortar and Pestle, grinder and passed through sieve mesh to obtain geopolymeric powder of fixed particle size. Testing and Analysis Methods. The compressive strengths were tested by using the Instron machine series 5569 Mechanical Tester. The geopolymeric powder produced at different solidification conditions was added with water to produce cubes and tested with their compressive strength. The cube specimens were compressed at 7th day. A minimum of 3 specimens were tested to evaluate the early strength gain for the specimens. JSM-6460LA model Scanning Electron Microscope (JEOL) was performed to reveal the microstructure at different solidification conditions. The specimens were cut into small piece and coated with platinum by using Auto Fine Coater, model JEOL JFC 1600 before the examination.
Results and Discussions
Compressive Strength. Solidification process during the processing of geopolymeric powder was conducted in oven. After the process, the paste was crushed and ground to become powder. At this moment, the slurry has just completed solidification step. Heat was applied to facilitate the solidification process. According to the model proposed by Provis et al. [11] in Fig. 1 , geopolymerization process takes place through a complex multistep mechanism: (1) initial Advanced Materials Research Vols. 479-481dissolution of alumino-silicates source; (2) rapid exchange and oligomerization reaction of silicate and aluminate species from the raw materials and also silicate species in activating solution; (3) polymerization process, where solution undergoes gelation phase; and (4) structure of gel continuous to evolve and harden eventually forming a fully coordinated alumino-silicates network [7, 11] . During solidification step, the phase is different from the final geopolymer gel structurally.
Fig. 1:
Processes occurring during geopolymerization proposed by Provis et al. [11] .
For compressive testing, the geopolymeric powder produced from different solidification conditions was added with water to produce geopolymer cubes. The compressive testing was conducted on the resulted geopolymer at 7 th day. Fig. 2 shows the compressive strength of resulted geopolymer from the geopolymeric powder synthesized at different solidification temperature and time. Results showed that solidification conditions significantly affect the mechanical properties of the resulted geopolymer paste. This process must be under carefully controlled conditions. An optimum solidification temperature and time for powder processing must be optimized to obtain high strength geopolymer paste. During this initial solidification, the paste was crushed and ground into powder form, thus upon addition of water, the reaction continued to form geopolymer binder, as indicated in Fig. 1 , as "Ongoing gel rearrangement and crystallization".
Geopolymeric powder synthesized with solidification temperature of 80˚C achieved the overall highest strength of geopolymer paste, which is 7.2 MPa. Low solidification temperature at 40˚C and 60˚C reported lower paste strength. Similarly, lower strength was also recorded for elevated solidification temperature at 100˚C. This is probably because lower solidification temperature delayed the initial solidification step producing undesirable and incomplete solidified gel phase. In contrast, it was believed that high solidification temperature forced the reorganization and diffusion of dissolved ions (aluminate and silicate species) and subsequently prevented the formation of desirable gel structure during solidification. High rate of moisture lost at elevated solidification temperature tends to weaken the structure formed.
From Fig. 2 , it was clearly observed that when higher solidification temperature was used, the corresponding solidification time was shorter. For a specific solidification temperature, when solidification time shorter, the paste is not completely solidified leading to wet powder upon crushing and grinding process. Also, high moisture content in the powder might cause polycondensation process to continue beyond time [12] leading to hardening of the geopolymeric powder as in the case of ordinary Portland cement when exposing to atmosphere. When ordinary Portland cement is left exposed to the atmosphere, Portland cement reacts with moisture in hydration process to become hard. In the case of this geopolymeric powder, the presence of
288
Advanced Mechanical Design moisture eases the transportation of dissolved ions and thus hardening of the geopolymeric powder. Likewise, longer solidification time will cause the geopolymer paste to harden completely to form a fully coordinated alumino-silicate network, as stated above. When this happen, addition of water to powder formed cubes with low strength. In summary, the optimum solidification temperature and time for geopolymeric powder processing was 80˚C for 4 hours. Morphological Study. Fig. 3 and Fig. 4 displayed the microstructure of geopolymeric powder synthesized at different solidification temperature and time and the resulted geopolymer paste, respectively. All solidification conditions produced geopolymeric powders with large amount of raw materials remains unreacted in the structure. The edges of the raw materials have slightly changed due to the activation by alkaline solution and no gel phase was observed in the microstructure. This indicated that the paste has just solidified and the geopolymerization process was incomplete. Upon the addition of water, the geopolymerization process continued suggesting fewer raw materials remain unreacted in the structure and the formation of more spherical aggregates in the structure (Fig. 4) . Among all micrographs in Fig. 3 , large amount of unreacted particles were left in geopolymeric powder produced except in that of 80˚C for 4 hours (Fig. 3d) , by comparison. Furthermore, solidification condition of 100˚C for 2 hours produced large clusters of particles (Fig. 3f) . These large particles were hard to crushed and ground. This further emphasized that the solidification condition produced undesirable structure during solidification step which contributes to lower compressive strength measured in resulted geopolymer paste. In short, the undesirable structure during solidification step limited the development of better microstructure for better strength.
Most microstructure of resulted geopolymer showed highly inhomogeneous structure. Large pores and unreacted raw materials could be clearly seen through SEM micrographs. On the contrary, more homogeneous structure could be observed through micrographs of geopolymer paste produced from geopolymeric powder dried at 80˚C (Fig. 4d) with more intervening gel phase. These microstructures compromised with the compressive strength measured in Fig. 2 . Again, the condition of solidification process plays important in geopolymeric powder processing. 
Conclusion
As according to the experimental results, it can be concluded that: (a) Solidification conditions significantly affect the properties of the geopolymeric powder and the resulted geopolymer paste. 
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